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Description 

Temperature Compensation for 
Acousto-Optic Devices 

Cross Reference To Related Applications 

[0001] This patent application claims priority to U.S. provisional 

patent application Serial No. 60/319,432, filed on July 29, 

2002, the entire disclosure of which is incorporated herein 

by reference. 
Background of Invention 

[0002] The present invention relates to temperature compensa- 
tion in optical devices. In particular, the present invention 
relates to temperature compensation in acousto-optic de- 
vices, such as acousto-optic filters, modulators, and beam 
deflectors. The invention is described in the context of an 
acousto-optic tunable filter based on polarization mode 
conversion, but is applicable to all acousto-optic devices 
that depend on maintaining specific phase-matching cri- 
teria during temperature variations. 

[0003] Acousto-optic tunable filters (AOTFs) are electrically-tun- 



able optical filters. Wavelength tuning is accomplished by 
varying a surface acoustic wave frequency applied to the 
AOTFs. AOTFs are useful for optical filtering and add- 
drop multiplexing in wavelength division multiplexing 
(WDM) optical transport systems. WDM is an optical trans- 
port technology that propagates many wavelengths in the 
same optical fiber, thus effectively increasing the aggre- 
gate bandwidth per fiber to the sum of the bit rates of 
each wavelength. Dense Wavelength Division Multiplexing 
(DWDM) is a technology that implements WDM technology 
with a large number of wavelengths. DWDM is typically 
used to describe WDM technology that propagates more 
than 40 wavelengths in a single optical fiber. 
[0004] a s th e number of wavelengths increases, the channel 

width and channel spacing decreases. To achieve the re- 
quired channel width and channel spacing in DWDM com- 
munication systems, high quality, high performance opti- 
cal filters are required. In order to function properly, these 
optical filters generally must exhibit low loss and narrow 
band transmission characteristics over the wavelength 
spectrum of 1.3um to 1.55um. These filters generally 
must also have good mechanical properties and must be 
stable in typical operating environments. 



[0005] AOTFs are particularly advantageous for use in WDM opti- 
cal transport systems because they can achieve narrow 
passbands and broad tuning ranges. In fact, an AOTF can 
have a tuning range that is substantially the entire wave- 
length range of an optical fiber communication system, 
which can typically be approximately from 1.3um to 
1.6um. Also, AOTFs have the unique capability of simulta- 
neous multi-channel filtering. By simultaneous multi- 
channel filtering we mean that an AOTF can select several 
wavelength channels simultaneously by applying multiple 
acoustic wave signals. In addition, AOTFs can be config- 
ured as add-drop multiplexers. Add-drop multiplexers 
are used in WDM optical transport systems for adding and 
dropping one or more channels while preserving the in- 
tegrity of the other channels. 

[0006] AOTFs include a narrowband polarization converter that is 
positioned between an input and an output polarizing ele- 
ment. The polarization converter changes one polarization 
mode to an orthogonal polarization mode. Light having a 
wavelength range within the passband of the filter propa- 
gates through the input polarizing element and then is 
converted to an orthogonal state of polarization. The con- 
verted light then propagates through the output polariza- 



tion element. 

[0007] The degree of polarization transformation depends on the 
magnitude of the polarization conversion, which is a func- 
tion of the applied acoustic power density. However, the 
polarization converter is inoperative outside of the pass- 
band of the filter. Light having a wavelength range outside 
of the passband does not get converted by the polariza- 
tion converter and, therefore, is blocked from propagating 
through the AOTF. 

[0008] Known AOTFs have several practical limitations that have 
prevented them from being used in commercial WDM op- 
tical transport systems. For example, typical materials 
used for AOTFs have relatively large sensitivity to temper- 
ature variations. These temperature variations can have 
undesirable consequences. For example, such tempera- 
ture variations can result in one or more unwanted wave- 
lengths being propagated within the passband of the fil- 
ter. Propagating unwanted wavelengths is undesirable be- 
cause the AOTF must remain "tuned" to a single optical 
wavelength over the operating temperature range. 

[0009] Furthermore, it is relatively difficult and expensive to con- 
trol the temperature of an AOTF to within a desired tem- 
perature range. If the desired temperature range is not 



achieved, the temperature offset from nominal can cause 
a shift in the wavelength where the filter is phase 
matched. In addition, a temperature gradient along the 
AOTF can result in asymmetric sidelobes and incomplete 
mode conversion, which can cause an unacceptable level 
of crosstalk and which can broaden the filter bandwidth. 

[0010] one or more heaters or thermoelectric coolers can be 

used to control the temperature of the devices. However, 
such heaters and coolers typically consume a relatively 
large amount of power, are physically large and signifi- 
cantly add to the cost of the device. Additionally, to obtain 
the desired temperature accuracy, a temperature control 
system may be required. A suitably accurate temperature 
control system may need to sense the temperature at sev- 
eral locations along the length of the AOTF. Separate con- 
trol loops may be required for each temperature sensor. 
Such a temperature control system can significantly add to 
the cost of deploying the AOTF. 

[0011] Known methods to solve this problem include the use of a 
thermo-electric cooler (TEC) in close proximity to the 
AOTF substrate in order to keep the AOTF at a constant 
temperature regardless of the ambient temperature. How- 
ever, thermo-electric coolers can be undesirable because 



they are generally expensive, bulky, require considerable 

electric power, and require a relatively large heat sink for 

the "hot" side. 
Brief Description of Drawings 

[0012] The above and further advantages of this invention may 
be better understood by referring to the following de- 
scription in conjunction with the accompanying drawings, 
in which like numerals indicate like structural elements 
and features in various figures. The drawings are not nec- 
essarily to scale, emphasis instead being placed upon il- 
lustrating the principles of the invention. 

[0013] FIG. 1 illustrates a known integrated acousto-optic tun- 
able filter. 

[0014] FIG. 2 illustrates a known temperature controlled AOTF 
that includes an integrated AOTF and a thermo-electric 
cooler for maintaining the substrate of the integrated 
AOTF at a relatively constant temperature. 

[0015] FIG. 3 is a flow diagram of an embodiment of a method of 
maintaining phase-matching criteria of an acousto-optic 
tunable filter (AOTF) during temperature variations ac- 
cording to the present invention. 

[0016] FIG. 4 illustrates an embodiment of a temperature com- 
pensated acousto-optic tunable filter device according to 



the present invention. 
[0017] FIG. 5 illustrates another embodiment of a temperature 
compensated acousto-optic tunable filter device accord- 
ing to the present invention. 
Detailed Description 

[0018] FIG. 1 illustrates a known integrated acousto-optic tun- 
able filter (AOTF) 10. The AOTF 10 includes an input po- 
larization beamsplitter 12, a polarization mode-converter 
14, and a polarization beam combiner 16. The polariza- 
tion beamsplitter 12 receives an input light beam at a first 
input 18 and separates the input light beam into two or- 
thogonal polarization states, which are typically the TE 
and TM modes. The two modes propagate through the 
polarization mode-converter 14 and are combined by the 
polarization beam combiner 16. The modes are either 
coupled straight through or crossed over to a first 20 and 
second output port 22 of the polarization beam combiner 
16. 

[0019] The polarization mode-converter 14 changes one polar- 
ization mode to another polarization mode by propagat- 
ing light through an acousto-optic interaction region 24. 
The polarization mode-converter 14 includes a pair of 
parallel optical waveguides 26, 26' that are formed in the 



surface of a substrate (not shown). Strain is induced in the 
acousto-optic interaction region by the piezoelectric ef- 
fect. The substrate is a piezoelectric and a birefringent 
material that includes an off-diagonal term in the sub- 
strate material's strain-optic tensor. The elasto-optic ten- 
sor Prelates the mechanical strain in the material to the 
optical index of refraction of the material. For example, 
lithium niobate has an off-axis elasto-optic tensor term 
of p . 

41 

[0020] The polarization mode-converter 14 also includes a sur- 
face acoustic wave (SAW) transducer 27, which in one 
configuration, is a set of inter-digitated conducting fin- 
gers 28 that are formed over or proximate to the pair of 
optical waveguides 26, 26'. The optical waveguides 26, 
26' carry the separated TE and TM modes that are formed 
by the polarization beamsplitter 12. A sinusoidal oscillator 
(not shown) that generates an acoustic waveform having a 
frequency f is electrically connected to the conducting 

a 

fingers 28 of the SAW transducer 27. The sinusoidal oscil- 
lator drives the conducting fingers 28 and generates a 
surface acoustic wave (SAW) that propagates approxi- 
mately collinearly along the pair of optical waveguides 26, 
26'. In one configuration, the SAW itself is guided through 



the use of an acoustic waveguide structure. 
[0021] The SAW causes an anisotropic perturbation of the indices 
of refraction in the pair of optical waveguides 26, 26'. This 
perturbation causes a mode conversion. By mode conver- 
sion, we mean a conversion of one mode to another mode 
(e.g., TE becomes TM, and TM becomes TE). The mode 
conversion occurs gradually as the optical signals propa- 
gate through the pair of optical waveguides 26, 26'. Mode 
conversion only occurs when phase matching criteria is 
satisfied. This is when the optical wavelength X q and the 
acoustic drive frequency f are related by Equation (1) as 

a 

follows: 




where Ah = n -n is the birefringence of the optical 

TM TE 3 

waveguide material, and V is the speed of sound in the 
substrate material. Eventually, complete mode conversion 
of the phase-matching optical signals occurs. This is 
when substantially the entire TE mode is converted to the 
TM mode in one waveguide 26' and substantially the en- 
tire TM mode is converted to the TE mode in the other 



waveguide 26 of the pair of optical waveguides 26, 26'. 

[0022] Mode conversion continues to occur as long as the acous- 
tically generated perturbation is present. That is, after 
complete mode conversion, the just-formed TM mode be- 
gins to convert back to TE mode and the just-formed TE 
mode begins to convert back to the TM mode. The TE 
mode and the TM mode that are propagating through the 
pair of optical waveguides 26, 26', thus could convert 
cyclically back and forth from pure TE to pure TM and 
then back again. 

[0023] The AOTF 10 halts the mode conversion by terminating 
the acoustic signal with acoustic absorbers (not shown) 
that are positioned on the pair of optical waveguides 26, 
26' at specific locations. This ensures that the light beam 
having the phase-matching optical wavelength X q will un- 
dergo substantially complete mode conversion. If the op- 
tical wavelength X q of the light beam is not phase- 
matched to the acoustic frequency f , then substantially 

a 

no mode conversion occurs, and the light beam simply 
propagates down the waveguide 26, 26' with no change in 
polarization. 

[0024] The polarization beam combiner 16 is physically identical 
to the polarization beamsplitter 12. However, the polar- 



ization beam combiner 16 is configured to combine rather 
than split the light beams. The polarization beam com- 
biner 16 has a first 30 and a second input port 32 that re- 
ceives the TM mode and the TE mode. 

[0025] integrated AOTFs combine the polarization beamsplitter 
12, polarization mode-converter 14, and the polarization 
beam combiner 16 on a planar substrate that is birefrin- 
gent, photoelastic, and piezoelectric, such as lithium nio- 
bate. Discrete AOTFs use separate polarization beamsplit- 
ters, polarization beam combiners, and acousto-optic in- 
teraction regions. The principles of operation of inte- 
grated and discrete AOTFs are similar. 

[0026] | n operation, a single-mode optical beam comprising, for 
example, three channels centered at optical wavelengths X 
, X 2 , and X 3 enters the polarization beamsplitter 12 
through the first input 18. The polarization beamsplitter 
12 separates the optical beam into TE and TM modes. The 
TE and TM modes propagate down separate waveguides 
26, 26' in the polarization mode-converter 14. Portions of 
the TE and TM modes are mode-converted by the polar- 
ization mode-converter 14. The TE and TM modes are 
then combined in the polarization beam combiner 16. 

[0027] The mode-converter oscillator frequency is chosen to 



phase-match to one of the three optical channels. For ex- 
ample, the oscillator frequency can be chosen to phase- 
match to X 2 - In this configuration, the portions of the TE 

and TM modes centered at X are mode-converted to TM 

2 

and TE, respectively, while portions centered at other 
wavelengths propagate down the waveguides without any 
polarization mode conversion. The TE mode couples 
straight through the polarization beam combiner 16 and 
the TM mode crosses over in the polarization beam com- 
biner 16. Polarization splitters and combiners can also be 
designed to couple the TM mode straight through and to 
cross-couple the TE mode. In this configuration, the over- 
all operation of the filter is the same. 
[0028] The second output port 22 of the polarization beam com- 
biner 16 produces the combined TE+TM components cen- 
tered at the phase-matching wavelength X 2 whereas the 
first output port 20 of the polarization beam combiner 16 
produces the combined TE+TM components for all the 
other wavelengths. The AOTF 10 has essentially "dropped" 
the phase-matching wavelength selected by the oscillator 
frequency f and has passed through all other wave- 

a 

lengths. Therefore, the AOTF 10 performs the function of 
a tunable bandpass filter. The center frequency of the 



bandpass filter can be modified by changing the oscillator 
frequency f , and therefore, the phase-matching wave- 

a 

length. 

[0029] Thus, the AOTF 10 can be configured as an add/drop 
multiplexer that drops one particular wavelength, and 
passes all other wavelengths. The signal propagating 
through the AOTF 10 has an empty spectral "slot" that 
corresponds to the spectral slot of the dropped signal. A 
new locally generated signal is then applied to a second 
input port 34 of the polarization beamsplitter 12. The 
AOTF 10 inserts this signal into the empty slot at X in the 
"through" output. This is done simultaneously with the 
"dropping" of the input channel centered at X 2 - Thus, the 
AOTF can be configured to simultaneously add and drop 
an optical signal. 

[0030] The AOTF 10 can also be configured to add/drop multiple 
optical wavelengths. This is accomplished by using an os- 
cillator signal that is a superposition of several sinusoids 
at different frequencies. The ability to add/drop multiple 
wavelengths is a unique characteristic of the AOTF and 
has application in WDM optical transport systems. 

[0031] The AOTF 10 has several practical limitations that make it 
difficult to implement in commercial optical transport sys- 



terns. One such limitation is that it is relatively difficult 
and expensive to control the temperature of the AOTF to 
within a desired temperature range. If the desired temper- 
ature range is not achieved, the temperature offset from 
nominal can cause a shift in the wavelength to which the 
filter is phase matched. In addition, a temperature gradi- 
ent along the device can result in asymmetric sidelobes 
and incomplete mode conversion, which can cause an un- 
acceptable level of crosstalk as well as broaden the filter 
bandwidth. 

[0032] one or more heaters or thermoelectric coolers can be 

used to control the temperature of the devices. However, 
heaters and thermoelectric coolers are typically power- 
intensive and expensive devices that are physically large 
in size. Furthermore, temperature control systems may be 
required to sense the temperature at several points along 
the length of the device, and separate control circuits may 
be required for each sensor. Such a temperature control 
system can significantly add to the cost of deploying an 
AOTF. 

[0033] FIG. 2 illustrates a known temperature controlled AOTF 50 
that includes an integrated AOTF 10 and a thermo-electric 
cooler (TEC) 52 for maintaining the substrate 54 of the in- 



tegrated AOTF 10 at a relatively constant temperature. 
The temperature controlled AOTF 50 of FIG. 2 also in- 
cludes a thermistor 56 that is coupled to an input 58 of a 
control system 60. The control system 60 includes an 
output 62 that is coupled to an input 64 of the TEC 52. A 
heatsink 66 may be positioned in contact with the AOTF 
10. The heatsink 66 is adapted to assist in maintaining 
the desired temperature of the AOTF 10. At least one fiber 
in a pair of input fibers 68 is connected to the AOTF in- 
puts 18 and 34 (FIG. 1). At least one fiber in a pair of out- 
put fibers 72 is coupled to the AOTF outputs 20 and 22 
(FIG. 1). 

[0034] | n operation, an optical signal having multiple wave- 
lengths is transmitted by the optical signal source through 
at least one fiber in the pair of input fibers 68 to the AOTF 
input 18 (FIG. 1). The optical signal then propagates 
through the AOTF 10. As previously discussed with refer- 
ence to FIG. 1, an acoustic beam generated by a SAW 
launcher (not shown) is launched into the optical waveg- 
uide material of the AOTF 10 and travels through the op- 
tical waveguide material as acoustic waves. As a peak of 
an acoustic wave passes through the optical waveguide 
material, it causes small local perturbations in the refrac- 



tive index of the optical waveguide material. One band of 
optical wavelengths is strongly affected by the local per- 
turbations caused by the acoustic waves. The affected 
band can be distinguished from the remaining wave- 
lengths as previously discussed with reference to FIG. 1. 
[0035] Referring back to Equation (1), the birefringence Ah of the 
optical waveguide material and the speed of sound v in 
the substrate material are properties of the specific mate- 
rial from which the AOTF 10 is fabricated. These material 
properties vary with temperature. Therefore, if the acous- 
tic drive frequency f is held constant, then the corre- 

a 

sponding phase-matched optical wavelength X q also 
changes with temperature. Thus, as the temperature of 
the AOTF 10 changes, the desired passband of the AOTF 
also changes. 

[0036] jo prevent this from occurring, the control system 60 
sends an electrical signal to the TEC 52. In response to 
the electrical signal, the TEC 52 adjusts its temperature. 
Since the AOTF 10 is in contact with the TEC 52, and the 
mass of the TEC 52 is much greater than that of the AOTF 
10, the AOTF 10 tends to reach and remain at the same 
temperature as the TEC 52. The heatsink 66 assures that 
the regulated temperature of the AOTF 10 is uniform 



throughout the entire AOTF 10. In the event that the tem- 
perature in the AOTF 10 changes or becomes unstable, 
the control system 60 reacts by regulating the tempera- 
ture of the TEC 52 in response to signals received from 
the embedded thermistor 56. Once the temperature of the 
AOTF is regulated, the optical signal having the desired 
passband passes through at least one of the pair of out- 
put fibers 72. 

[0037] Temperature changes in the AOTF material can be caused 
by inefficiencies in the SAW launcher, conversion of 
acoustic energy into heat by loses in the material and ab- 
sorption by an acoustic load, as well as the effect of ambi- 
ent temperature. As previously discussed, trying to regu- 
late the temperature of the AOTF material can be difficult, 
complex, and expensive. 

[0038] | n one aspect, the present invention maintains phase- 
matching of an acoustic wave to a constant optical wave- 
length X q over a range of temperatures by adjusting the 
acoustic drive frequency f to substantially compensate 

a 

for changes in the speed of sound V and changes in the 
birefringence Ah of at least one optical waveguide in an 
acousto-optic device. Each of these quantities varies as a 
function of the temperature of the material. The phase- 



matching formula includes the product of two tempera- 
ture-dependent quantities V^and An, as shown in Equa- 
tion (1). Therefore, the product V Jin can be represented 
as a single temperature dependent function, K(T) as 
shown in Equation (2) as follows: 



K{T) = V S {T)' A«(T) 



[0039] Combining Equation (1) and Equation (2) results in Equa- 
tion (3) as follows for the acoustic drive frequency, f (T)\ 




[0040] The function K(T) is generally known, either from pub- 
lished data or by direct or indirect measurement on actual 
AOTF devices. Equation (3) indicates the value of the 
acoustic drive frequency f (TJthat is required to phase- 

a 

match the acoustic wave to the optical wavelength X q at 
any temperature T. In other words, if X q is kept constant, 
Equation (3) specifies how f (T) should be varied as a 

a 

function of temperature Tin order to maintain the con- 
stant optical wavelength X . 



[0041] Additionally, since the birefringence Ah is also a function 
of optical wavelength X q , there is a different function K(T) 
for each distinct value of the optical wavelength X q . How- 
ever, for most practical applications of AOTF devices, such 
as filters for DWDM communication systems, the wave- 
length band of interest is suitably small. Thus, the varia- 
tions in the birefringence An as a function of optical 
wavelength X q are also relatively small. Therefore, in one 
embodiment, a single function K(T) can be used for a small 
optical wavelength band. 

[0042] skilled artisans will appreciate that although the invention 
is described in the context of an acousto-optic tunable 
filter based on polarization mode conversion, the inven- 
tion is applicable to all acousto-optic devices that depend 
on maintaining specific phase-matching criteria during 
temperature variations. 

[0043] FIG. 3 is a flow diagram 100 of an embodiment of a 
method of maintaining phase-matching criteria of an 
acousto-optic tunable filter (AOTF) during temperature 
variations according to the present invention. The flow di- 
agram 100 includes three steps. The flow diagram 100 in- 
cludes the step 102 of measuring the temperature of the 
AOTF. In one embodiment, the step 102 of measuring the 



temperature is performed directly by measuring the tem- 
perature of the substrate of the AOTF with a temperature 
sensor, such as a thermocouple, thermistor, or a semi- 
conductor junction. Direct measurement of temperature is 
described herein in more detail in connection with FIG. 4. 
In another embodiment, the measurement of the temper- 
ature is performed indirectly as described herein in more 
detail in connection with FIG. 5. An average temperature 
of the AOTF can be determined by measuring the temper- 
ature of the AOTF at a plurality of locations. 

[0044] The flow diagram 100 also includes the step 104 of gen- 
erating a control signal in response to the step 102 of 
measuring the temperature. The control signal is used to 
change a frequency of a signal applied to a surface acous- 
tic wave (SAW) transducer or SAW launcher positioned in 
the AOTF. In one embodiment, the control signal is a 
function of the measured temperature r of the AOTF and 
the selected optical wavelength X q . 

[0045] The flow diagram 100 also includes the step 106 of 

changing the frequency of the signal applied to the SAW 
transducer in response to the control signal. The fre- 
quency is changed such that Equation (3) is satisfied for 
the measured value of the temperature rand the specified 



value of optical wavelength X q . When Equation (3) is satis- 
fied, the frequency is adjusted such that the effects of 
temperature variations in the substrate are mitigated and 
the phase-matching criteria of the AOTF are maintained. 
Thus, the control signal is a function of the measured 
temperature of the AOTF and a wavelength that corre- 
sponds to the phase-matching criteria of the AOTF. In one 
embodiment, the frequency adjustment is made using a 
temperature sensor signal processor that is coupled to an 
oscillator driver that drives the SAW transducer. 

[0046] The signal applied to the SAW transducer maintains the 
phase-matching criteria as the birefringence An in one or 
both of the optical waveguides changes as a result of 
temperature changes in the substrate of the AOTF. The 
signal applied to the SAW transducer can also maintain 
the phase-matching criteria as the speed of sound V in 
one or both of the optical waveguides changes as a result 
of temperature changes in the substrate of the AOTF. 

[0047] FIG. 4 illustrates a temperature compensated acousto-op- 
tic tunable filter device 150 according to one embodiment 
of the present invention. The AOTF 150 is similar to the 
AOTF 10 of FIG. 1 and includes an input polarization 
beamsplitter 12, a polarization mode-converter 14, and a 



polarization beam combiner 16. The AOTF 150 also in- 
cludes an acousto-optic interaction region 24 that com- 
prises a pair of parallel optical waveguides 26, 26' that are 
formed in the surface of an acousto-optic substrate 152. 

[0048] The polarization mode-converter 14 includes a surface 

acoustic wave (SAW) transducer 154, which in one config- 
uration, is a set of inter-digitated conducting fingers 28 
that are formed over or proximate to the pair of optical 
waveguides 26, 26' that are formed in the acousto-optic 
substrate 152. The optical waveguides 26, 26' carry the 
separated TE and TM modes that are formed by the polar- 
ization beamsplitter 12. 

[0049] An oscillator 156 that generates an acoustic waveform 

having a frequency f is electrically connected to the con- 

a 

ducting fingers 28. In one configuration, the oscillator 
156 is a sinusoidal oscillator. In one embodiment, the os- 
cillator 156 is a voltage controlled crystal oscillator 
(VCXO). The oscillator 156 drives the conducting fingers 
28 that generate a surface acoustic wave (SAW) that prop- 
agates approximately collinearly along the pair of optical 
waveguides 26, 26'. In one configuration, the SAW itself is 
guided through the use of an acoustic waveguide struc- 
ture. 



[0050] | n one embodiment, the temperature compensated 

acousto-optic tunable filter device 150 also includes a 
temperature sensor 158. Any type of temperature sensor 
can be used. For example, the temperature sensor 158 
can be a thermocouple, thermistor, or a solid-state tem- 
perature sensor, such as a semiconductor junction. In one 
embodiment, the temperature sensor 158 is a tempera- 
ture sensing integrated circuit (IC). 

[0051] in the embodiment in which the temperature sensor 158 
is a thermistor, the resistance of the device is changed as 
the temperature of the device changes. Typically thermis- 
tors change their resistance exponentially with tempera- 
ture. Thus, in one embodiment, the temperature sensor 
signal processor 164 tracks the resistance of the thermis- 
tor in order to generate control signals that are related to 
the temperature of the acousto-optic substrate 152. 

[0052] The temperature sensor 158 can be embedded in the 

acousto-optic substrate 152. Alternatively, the tempera- 
ture sensor 158 can be positioned proximate to, or in 
contact with the acousto-optic substrate 152. In one em- 
bodiment, multiple temperature sensors (not shown) are 
positioned across an area of the acousto-optic substrate 
152 in order to measure an average temperature of area 



of the acousto-optic substrate 152 or a portion of the 
area of the acousto-optic substrate 152. 
[0053] An output 160 of the temperature sensor 158 is coupled 
to an input 162 of a temperature sensor signal processor 
164. In one embodiment, the temperature sensor signal 
processor 164 is a digital signal processor and the tem- 
perature sensor signal processor 164 generates a digital 
word that is representative of the temperature. This tem- 
perature, along with the selected optical wavelength X q , is 
then sent to a processor within the temperature sensor 
signal processor 164. The processor implements Equation 
(3) and uses other system parameters to determine the 
control signal . 

[0054] An output 166 of the temperature sensor signal processor 
164 is coupled to an input 168 of the oscillator 156. The 
input 168 of the oscillator 156 receives the control signal. 
Skilled artisans will appreciate that other processing can 
be used to generate a control signal that is compatible 
with the oscillator 156. 

[0055] For example, in the embodiment in which the oscillator 
156 is a voltage-controlled crystal oscillator (VCXO), the 
processor generates a digital word that is converted from 
a digital control signal to an analog control signal before 



the signal is transmitted to the oscillator 156. The digital- 
to-analog converted control signal is then fed to a voltage 
control input of the VCXO. The control voltage determines 
the frequency of the VCXO, which is the value f (T) given 

a 

by Equation (3), that is used to establish the phase- 
matching criteria that is described herein. 
[0056] | n another embodiment, the oscillator 156 can be a digital 
frequency synthesizer. In this embodiment, the appropri- 
ate control signal is a digital word that is sent directly 
from a processor to the digital frequency synthesizer. The 
output of the digital frequency synthesizer is smoothed 
with an analog filter before it drives the SAW transducer 
154. 

[0057] skilled artisans will appreciate that as the temperature of 
the substrate 152 changes, the control signal can be dy- 
namically changed in response to the changes in the tem- 
perature of the substrate. By dynamically adjusting the 
control voltage of the VCXO, for example, the phase- 
matching criteria can be satisfied for a range of substrate 
temperature values. If the optical wavelength X q of the 
optical beam is not phase-matched to the acoustic fre- 
quency f (T), then substantially no mode conversion oc- 

a 

curs, and the light beam simply propagates down the op- 



tical waveguides 26, 26'. 

[0058] The oscillator 156 drives the SAW transducer 154. The 

SAW transducer 154 causes an anisotropic perturbation of 
the indices of refraction in the pair of optical waveguides 
26, 26'. This perturbation causes a mode conversion that 
occurs gradually as the optical signals propagate through 
the pair of optical waveguides 26, 26'. Eventually, com- 
plete mode conversion of the phase-matching optical sig- 
nals occurs. This is when substantially the entire TE mode 
is converted to the TM mode in one waveguide 26' and 
substantially the entire TM mode is converted to the TE 
mode in the other waveguide 26 of the pair of optical 
waveguides 26, 26'. 

[0059] The polarization beam combiner 16 is physically identical 
to the polarization beamsplitter 12. However, the polar- 
ization beam combiner 16 is configured to combine rather 
than split the light beams. The polarization beam com- 
biner 16 has a first 30 and a second input port 32 that re- 
ceives the TM mode and the TE mode. 

[0060] The temperature compensated acousto-optic tunable fil- 
ter device 150 of the present invention can be an inte- 
grated AOTF that combines the polarization beamsplitter 
12, polarization mode-converter 14, and the polarization 



beam combiner 16 on a planar substrate that is birefrin- 
gent, photoelastic, and piezoelectric, such as lithium nio- 
bate. In another embodiment, the temperature compen- 
sated acousto-optic tunable filter device 150 can be a 
discrete AOTF (not shown) that uses separate polarization 
beamsplitters, polarization beam combiners, and 
acousto-optic interaction regions. For example, the polar- 
ization beamsplitter and polarization beam combiner can 
be discrete planar devices, such as beam-splitting prisms, 
walk-off prisms and collimating lenses. In that embodi- 
ment, one or more temperature sensors can be used on 
the discrete planar devices and/or the acousto-optic in- 
teraction regions. The principles of operation of tempera- 
ture compensated integrated and discrete AOTFs are sim- 
ilar. 

[0061] | n operation, a single-mode optical beam comprising, for 
example, three channels centered at optical wavelengths X 
, X 2 , and X 3 enters the polarization beamsplitter 12 
through the first input 18. The polarization beamsplitter 
12 separates the optical beam into TE and TM modes. The 
TE and TM modes propagate down separate waveguides 
26, 26' in the polarization mode-converter 14. Portions of 
the TE and TM modes are mode-converted by the polar- 



ization mode -converter 14. The TE and TM modes are 
then combined in the polarization beam combiner 16. 

[0062] The mode-converter oscillator frequency is chosen to 

phase-match to one of the three optical channels. For ex- 
ample, the oscillator frequency can be chosen to phase- 
match to X 2 - The temperature sensor signal processor 164 
monitors the temperature of the substrate 152 and then 
adjusts the control signal in response to changes detected 
by the temperature sensor 158. The temperature sensor 
signal processor 164 and the oscillator 156 adjust the os- 
cillator frequency such that the phase-matching criteria is 
satisfied at all times and for all operating temperatures. 

[0063] | n this example, the portions of the TE and TM modes 

centered at X 2 are mode-converted to TM and TE, respec- 
tively, while portions centered at other wavelengths prop- 
agate down the waveguides 26, 26' without any polariza- 
tion mode conversion. The TE mode couples straight 
through the polarization beam combiner 16 and the TM 
mode crosses over in the polarization beam combiner 16. 
Polarization splitters and combiners can also be designed 
to couple the TM mode straight through and to cross- 
couple the TE mode. In this configuration, the overall op- 
eration of the filter is the same. 



[0064] The second output port 22 of the polarization beam com- 
biner 16 produces the combined TE+TM components cen- 
tered at the phase-matching wavelength A whereas the 
first output port 20 of the polarization beam combiner 16 
produces the combined TE+TM components for all the 
other wavelengths. The temperature compensated AOTF 
150 has essentially "dropped" the phase-matching wave- 
length selected by the oscillator frequency f (T) and 

a 

passed through all other wavelengths. Therefore, the tem- 
perature compensated AOTF 150 performs the function of 
a tunable bandpass filter. The center frequency of the 
bandpass filter can be modified by changing the oscillator 
frequency f (T), and therefore, the phase-matching 

a 

wavelength. 

[0065] FIG. 5 illustrates a temperature compensated acousto-op- 
tic tunable filter device 200 according to another embodi- 
ment of the present invention. This embodiment uses an 
indirect temperature measurement to compensate for 
temperature variations. In other respects, the temperature 
compensated AOTF 200 is similar to the temperature 
compensated AOTF 150 of FIG. 4 and includes an input 
polarization beamsplitter 12, a polarization mode- 
converter 14, and a polarization beam combiner 16. The 



temperature compensated AOTF 200 also includes an 
acousto-optic interaction region 24 that contains a pair of 
parallel optical waveguides 26, 26' that are formed in the 
surface of a substrate 152. 

[0066] The polarization mode-converter 14 includes a surface 

acoustic wave (SAW) transducer 154, which in one config- 
uration, is a set of inter-digitated conducting fingers 28 
that are formed over or proximate to the pair of optical 
waveguides 26, 26'. The optical waveguides 26, 26' carry 
the separated TE and TM modes that are formed by the 
polarization beamsplitter 12. 

[0067] An oscillator 202 generates an electrical signal having a 
frequency f at an output 204. The output 204 is electri- 

a 

cally coupled to the conducting fingers 28. In one embod- 
iment, the oscillator 202 includes a digital frequency syn- 
thesizer 206 and an analog smoothing filter 208. The os- 
cillator 202 drives the conducting fingers 28 which gener- 
ate a surface acoustic wave (SAW) that propagates ap- 
proximately collinearly along the pair of optical waveg- 
uides 26, 26'. In one configuration, the SAW itself is 
guided through the use of an acoustic waveguide struc- 
ture. 

[0068] The temperature compensated acousto-optic tunable fil- 



ter device 200 utilizes indirect temperature measurement 
to generate a control signal that controls the oscillator 
202. The indirect temperature measurement is accom- 
plished through the use of a first 212 and a second SAW 
transducer 214 that are positioned in the acousto-optic 
interaction region 24. In one embodiment, the first 212 
and the second SAW transducers 214 are in the close 
physical proximity to the region where optical mode con- 
version occurs. 

[0069] The first SAW transducer 212 includes a first set of inter- 
digitated conducting fingers 216. The first SAW trans- 
ducer 212 generates a SAW that propagates in close prox- 
imity to the acousto-optic interaction region 24, but that 
does not overlap with the mode-converting SAW that is 
generated by the SAW transducer 154 or the optical 
waveguides 26, 26'. 

[0070] The second SAW transducer 214 includes a second set of 
inter-digitated conducting fingers 218 that function as a 
pickup transducer. The SAW generated by the first SAW 
transducer 212 propagates to the second set of inter- 
digitated conducting fingers 218. The second SAW trans- 
ducer 214 generates an output voltage that is propor- 
tional to the strength of the SAW that propagates through 



the second set of inter-digitated conducting fingers 218 
because of an inverse piezoelectric effect. 
[0071] Thus, the first 212 and the second SAW transducers 214 
together behave like an electrical delay line having a delay 
time that is equal to the time required for the SAW gener- 
ated by the first SAW transducer 212 to propagate from 
the first SAW transducer 212 (launch transducer) to the 
second SAW transducer 214 (pickup transducer). The de- 
lay time is equal to D/v , where D is the distance between 
the first 212 and the second SAW transducers 214 and V 

s 

is the speed of sound in the substrate material. Since both 
Dand V^are functions of temperature, the delay time itself 
is a function of temperature. 

[0072] | n one embodiment, a SAW oscillator 220 is created by 

connecting a delay line between an input 222 and an out- 
put 224 of an amplifier 226. In this embodiment, the de- 
lay line is generated using the first 212 and the second 
SAW transducers 214. For example, the amplifier 226 can 
be a radio-frequency (RF) amplifier. 

[0073] This embodiment of the invention involves measuring the 
frequency f , of the SAW oscillator 220, rather than mak- 
ing a direct measurement of the temperature of the sub- 
strate 152. Since the frequency f of the SAW oscillator 



220 depends on the value of the delay time, and the delay 
time is a function of temperature, the frequency f t of the 
SAW oscillator 220 is also function of temperature. 

[0074] | t may be useful to calibrate the SAW oscillator 220 to 

properly utilize this indirect temperature measurement. In 
one embodiment, the SAW oscillator 220 is calibrated in 
two parts. First, the frequency f of the SAW oscillator 
220 is calibrated against temperature. This calibration re- 
quires that the frequency f of the SAW oscillator 220 be 
measured for each given temperature T. 

[0075] Second, for the same temperature calibrated in the first 
step, the exact frequency f of the oscillator 202 that re- 
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suits in a phase-match to a specified optical wavelength X 
, is measured. The measurement is done for each value 

o 

of the optical wavelength X q where phase-matching is to 
occur. In other words, this measurement is done for each 
optical channel that the temperature compensated AOTF 
200 must drop if it is used as a filter in a WDM system. 
[0076] For each selected value of the optical wavelength X q and 
for each temperature T, there is a one-to-one correspon- 
dence between the frequency f of the SAW oscillator 220 
and the frequency f of the oscillator 202. This corre- 

a 

spondence is used to control the frequency f of the os- 

a 



cillator 202 as a function of temperature. 
[0077] An output 227 of the oscillator 220 is coupled to an input 

228 of a frequency counter 229. In one embodiment, the 
frequency f of the SAW oscillator 220 is measured with 
the frequency counter 229. The frequency counter 229 
generates a digital word that represents the SAW oscillator 
frequency f . The digital word is used as the input ad- 
dress to a Read Only Memory (ROM) (not shown) within 
the frequency counter 229. 

[0078] The ROM stores the one-to-one correspondence between 
f T and f . The output of the ROM is a digital word corre- 
sponding to the correct frequency f of the digital fre- 
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quency synthesizer 202. This value, along with the value 
of the selected optical wavelength X , is then sent to a 
processor within the frequency counter 229. The proces- 
sor generates a digital word that corresponds to a digital 
control signal. An output 230 of the frequency counter 

229 is coupled to an input 232 of the oscillator 202. The 
digital control signal is used as the frequency control sig- 
nal to the oscillator 202. 

[0079] | n the embodiment shown, the oscillator 202 is imple- 
mented as the digital frequency synthesizer 206 and the 
digital control signal directly controls the frequency of the 



synthesizer 202. An output 234 of the digital frequency 
synthesizer 206 is coupled to an input 236 of the analog 
smoothing filter 208. In another embodiment, the oscilla- 
tor is a VXCO and the digital control signal is converted to 
an analog frequency control voltage for the VXCO. 

[0080] The indirect temperature measurement technique de- 
scribed with reference to FIG. 5 is advantageous because 
the indirect temperature sensor (i.e. the SAW delay line) is 
fabricated directly on the substrate 152 in close proximity 
to the optical waveguides 26, 26'. Thus, the indirect tem- 
perature measurement can provide very accurate results. 
The indirect temperature measurement technique can be a 
lower cost solution, since the first 212 and the second 
SAW transducers 214 can be fabricated simultaneously 
with the main phase-matching SAW transducer 154. 

[0081] skilled artisans will appreciate that as the temperature of 
the substrate 152 changes, the digital control signal that 
controls the digital frequency synthesizer 206 can be dy- 
namically changed in response to the changes in the tem- 
perature of the substrate 152. 

[0082] The oscillator 202 drives the SAW transducer 154. The 

SAW transducer 154 causes an anisotropic perturbation of 
the indices of refraction in the pair of optical waveguides 



26, 26'. This perturbation causes a mode conversion that 
occurs gradually as the optical signals propagate through 
the pair of optical waveguides 26, 26'. Eventually, com- 
plete mode conversion of the phase-matching optical sig- 
nals occurs. By complete mode conversion, we mean when 
substantially the entire TE mode is converted to the TM 
mode in one waveguide 26' and substantially the entire 
TM mode is converted to the TE mode in the other waveg- 
uide 26 of the pair of optical waveguides 26, 26'. 

[0083] The polarization beam combiner 16 is physically identical 
to the polarization beamsplitter 12. However, the polar- 
ization beam combiner 16 is configured to combine rather 
than split the light beams. The polarization beam com- 
biner 16 has a first 30 and a second input port 32 that re- 
ceives the TM mode and the TE mode. 

[0084] The temperature compensated acousto-optic tunable fil- 
ter device 200 of the present invention can be an inte- 
grated AOTF that combines the polarization beamsplitter 
12, polarization mode-converter 14, and the polarization 
beam combiner 16 on a planar substrate that is birefrin- 
gent, photoelastic, and piezoelectric, such as lithium nio- 
bate. In another embodiment, the temperature compen- 
sated acousto-optic tunable filter device 200 can be a 



discrete AOTF (not shown) that uses separate polarization 
beamsplitters, polarization beam combiners, and 
acousto-optic interaction regions. For example, the polar- 
ization beamsplitter and polarization beam combiner can 
be discrete planar devices, such as beam-splitting prisms, 
walk-off prisms and collimating lenses. The principles of 
operation of temperature compensated integrated and 
discrete AOTFs are similar. 

[0085] | n operation, a single-mode optical beam comprising, for 
example, three channels centered at optical wavelengths X 
, X 2 , and X 3 enters the polarization beamsplitter 12 
through the first input 18. The polarization beamsplitter 
12 separates the optical beam into TE and TM modes. The 
TE and TM modes propagate down separate waveguides 
26, 26' in the polarization mode-converter 14. Portions of 
the TE and TM modes are mode-converted by the polar- 
ization mode-converter 14. The TE and TM modes are 
then combined in the polarization beam combiner 16. 

[0086] The mode-converter oscillator frequency is chosen to 

phase-match to one of the three optical channels. For ex- 
ample, the oscillator frequency can be chosen to phase- 
match to X 2 - Since the oscillator frequency is a function of 
temperature, the frequency counter 229 monitors the fre- 



quency of the SAW oscillator 220 and then sends the cor- 
rect digital control signal to the digital frequency synthe- 
sizer 206 in response to the indirectly-measured temper- 
ature changes monitored by the frequency counter 229. 
The frequency counter 229 essentially adjusts the digital 
frequency synthesizer 206 such that the phase-matching 
criteria is satisfied dynamically over a wide range of tem- 
peratures. 

[0087] | n this configuration, the portions of the TE and TM 

modes centered at X are mode-converted to TM and TE, 
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respectively, while portions centered at other wavelengths 
propagate down the waveguides without any polarization 
mode conversion. The TE mode couples straight through 
the polarization beam combiner 16 and the TM mode 
crosses over in the polarization beam combiner 16. Polar- 
ization splitters and combiners can also be designed to 
couple the TM mode straight through and to cross-couple 
the TE mode. In this configuration, the overall operation 
of the filter is the same. 
[0088] The second output port 22 of the polarization beam com- 
biner 16 produces the combined TE+TM components cen- 
tered at the phase-matching wavelength X whereas the 

2 j 

first output port 20 of the polarization beam combiner 16 



produces the combined TE+TM components for all the 
other wavelengths. The temperature compensated AOTF 
200 has "dropped" the phase-matching wavelength se- 
lected by the oscillator frequency f (T) and passed 

a 

through all other wavelengths. Therefore, the temperature 
compensated AOTF 200 performs the function of a tun- 
able bandpass filter. The center frequency of the band- 
pass filter can be modified by changing the oscillator fre- 
quency f (T), and therefore, the phase-matching wave- 

a 

length. 

[0089] Although the invention described herein for temperature- 
compensating an acousto-optic device is described in the 
context of an optical filter using polarization mode con- 
version, those skilled in the art will appreciate that the 
methods and apparatus of temperature compensation that 
are described herein are also applicable to other types of 
acousto-optic devices. Specifically, acousto-optic devices 
used as modulators or optical beam deflectors do not 
necessarily use polarization mode conversion. Such de- 
vices can use bulk acoustic waves rather than surface 
acoustic waves. These devices can use the same direct or 
indirect temperature compensation methods and appara- 
tus that are described herein to maintain their optical 



modulation and beam deflection characteristics over their 

operating ranges. In devices that use bulk acoustic waves, 

an indirect temperature sensor according to the present 

invention can be formed of a bulk acoustic wave delay line 

rather than a surface acoustic wave delay line. 
Equivalents 

[0090] while the invention has been particularly shown and de- 
scribed with reference to specific preferred embodiments, 
it should be understood by those skilled in the art that 
various changes in form and detail may be made therein 
without departing from the spirit and scope of the inven- 
tion as defined by the appended claims. 

[009 1 ] What is claimed is: 



